Although many studies have simulated in-situ bioremediation of contaminated groundwater, most of them have not considered hydrochemical conditions and indigenous microorganisms, thus potentially rendering results inapplicable to actual in-situ groundwater bioremediation projects. This study focused on a nitrobenzene-contaminated groundwater site located in Jilin City, China. The actual nitrobenzene-contaminated groundwater was taken from Jilin City to simulate in-situ groundwater bioremediation in the laboratory. The feasibility of in-situ bioremediation for nitrobenzene-contaminated groundwater was studied according to actual site conditions and characteristics of nitrobenzene-degrading microorganisms in groundwater. The results showed that nitrobenzene-degrading bacterium strain NB1 was the dominant species that could effectively and rapidly degrade nitrobenzene by a partial reductive pathway. No negative factors on the growth or degrading function of this strain in groundwater could be detected. During a laboratory simulation experiment, combined in-situ bioremediation technologies, namely air sparging and bioaugmentation, could readily remove approximately 89.56% of nitrobenzene from groundwater without adding nutrients; oxygen was found to be the important growth factor for strain NB1. As the substrate of nitroreductase, encoded by the nitrobenzene nitroreductase (nbzA) gene, nitrobenzene was likely to significantly affect the expression of this gene. In conclusion, in-situ bioremediation is a feasible way to solve the problem of nitrobenzene-contaminated groundwater in Jilin City as long as sufficient oxygen and biomass of strain NB1 is ensured.
INTRODUCTION
Groundwater contamination by organic pollutants is a universal and serious problem (An et al. a; Dong et al. ; Yu et al. ) . In-situ bioremediation technology is recognized as the main remediation strategy for this issue as organic pollutants can be biodegraded completely without generating secondary pollution in groundwater (An et al. b; Majone et al. ) . Generally, a successful in-situ bioremediation requires the following: (1) the presence of pollutant-degrading microorganisms in contaminated groundwater and (2) the capacity of these microorganisms to degrade pollutants rapidly and effectively (Gianfreda & Nannipieri ) .
Nitrobenzene is a common organic groundwater pollutant and can be degraded by microorganisms present in the environment (Liu et al. , ; An et al. c; Lee et al. ) . Most of these microorganisms use a partial reductive pathway to degrade nitrobenzene under aerobic conditions (Li et al. ) . Although many reports related to in-situ bioremediation of nitrobenzene-contaminated groundwater exist, feasibility studies considering actual site conditions are less common (An et al. a, ; Liu et al. ) . Many of these studies focusing on bioremediation were performed in laboratories. Groundwater was not sampled directly from the polluted site, but experimental groundwater was manually confected with organic pollutants, mineral salts, and distilled water (Park & Kim ; Sun et al. ) . These studies did not consider hydrogeological conditions and chemistry and, furthermore, probably did not consider the feasibility of in-situ bioremediation before conducting laboratory simulation studies. Therefore, these results may be inapplicable to actual in-situ bioremediation of groundwater. Feasibility studies of in-situ groundwater bioremediation methods should be carried out before performing simulated studies under laboratory conditions. If in-situ bioremediation proved feasible, the results of the simulated study would have practical significance and theory value.
This study investigated the feasibility of in-situ bioremediation for nitrobenzene-contaminated groundwater in Jilin City, China. Three aims were formulated: (1) to determine the presence of nitrobenzene-degrading microorganisms in groundwater contaminated with nitrobenzene, (2) to determine whether these microorganisms could adapt to the groundwater conditions, and (3) to determine whether these microorganisms could grow in contaminated groundwater and effectively degrade nitrobenzene.
MATERIALS AND METHODS

Nitrobenzene-contaminated groundwater
The experimental groundwater was sampled from a nitrobenzene-contaminated site located in Jilin City, and the characteristics of the contaminated groundwater were These results convincingly demonstrated that strain NB1
could not only adapt to the groundwater environment, but also that some hydrochemical factors may have benefited strain NB1. 
Density of strain NB1 in simulated groundwater systems
Density of functional microorganisms in groundwater is an important factor for successful in-situ bioremediation (Lee et al. ) . The density of strain NB1 in raw nitrobenzenecontaminated groundwater was 2.9 × 10 5 cfu/mL (Figure 8 ).
The application of air sparging or bioaugmentation increased the density of strain NB1 to a certain extent. However, the combined in-situ remediation technologies of air sparging and bioaugmentation increased the density of strain NB1 significantly from 2.9 × 10 5 cfu/mL to 4.2 × 10 5 cfu/mL. These results demonstrated that oxygen was a key factor for the growth of strain NB1 and that this nitrobenzene-degrading bacterium species could overgrow in contaminated groundwater.
Microbial dehydrogenase activities in simulated groundwater systems
Microbial activity was another important factor for in-situ Changes in microbial community structure PCR-DGGE was used to investigate changes in microbial community structure in groundwater (Figure 10 ). Strain NB1 was the dominant species in the raw groundwater. The band brightness of strain NB1 in S1 was relatively dark compared to that in S2, S3 and S4, which demonstrated that air sparging and bioaugmentation made strain NB1 more dominant in groundwater and benefited the in-situ bioremediation.
The results of ecological biodiversity indexes showed that a single air sparging treatment could enhance the microbial diversity significantly, but neither single bioaugmentation nor the combination of air sparging and bioaugmentation could significantly enhance microbial diversity (Table 1) .
One possible reason for this phenomenon could have been that effective removal of nitrobenzene with air sparging and bioaugmentation led to a lack of microbial growth substrate.
Relative abundance of the nbzA gene in simulated groundwater systems
Using natural attenuation as the control, the relative abundance of the nbzA gene in groundwater with air sparging and bioaugmentation was increased significantly (Figure 11 ).
This demonstrated that the relative abundance of functional nitrobenzene-degrading strain NB1 was increased and that oxygen was a limiting factor for strain NB1.
Relative expression of the nbzA gene in simulated groundwater systems
Using natural attenuation conditions as the control, the relative expression of the nbzA gene in groundwater was most Oxygen was a key factor for the growth of strain NB1 and the induction of nitrobenzene determined the expression of the nbzA gene. Considering actual site conditions, insitu bioremediation was found to be a feasible treatment for nitrobenzene-contaminated groundwater in the study area and the combined technology of air sparging and bioaugmentation was preferable.
